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Introduction {#sec001}
============

Cancer-related death is usually caused by the outgrowth of aggressive cancer cells at new locations in the body (metastasis formation) that have been disseminated from the primary tumors. Colorectal cancer (CRC) is one of the most commonly diagnosed malignancies and one of the leading causes of cancer related deaths \[[@pone.0155126.ref001]\]. Approximately one quarter of patients with CRC exhibit metastases (mCRC) at the time of diagnosis (synchronous disease) and further patients will develop metastases during the course of their disease, resulting in the relatively high mortality rate associated with CRC \[[@pone.0155126.ref002]\].

Different prognostic markers can currently be used in mCRC, e.g., analyses of white blood cells, lactate dehydrogenase amount, performance status, localization of primary tumor and metastases, molecular markers (e.g., mutations in the BRAF gene), or advanced integrative clustering) \[[@pone.0155126.ref003]--[@pone.0155126.ref007]\]. Besides, tumor growth dynamics have been shown to offer on-treatment information about future prognosis \[[@pone.0155126.ref008], [@pone.0155126.ref009]\].

Enumeration and molecular characterization of tumor cells captured from a minimally invasive blood test (circulating tumor cells, CTCs) is increasingly used in clinical practice for disease monitoring and discovering prognostic relevance \[[@pone.0155126.ref010]\]. CTCs are easy to obtain by less-invasive peripheral blood sampling allowing a continuous "real-time monitoring" of tumor progression. So far, the CellSearch^®^ system is the only approach which has been cleared by the U.S. American FDA (Food and Drug Administration) for CTC detection in metastatic breast, colon, and prostate cancer \[[@pone.0155126.ref011]--[@pone.0155126.ref013]\]. Detection of CTCs using CellSearch^®^ has recently been correlated to an unfavorable outcome in mCRC \[[@pone.0155126.ref014]\]. However, studies performed in mCRC patients using CellSearch^®^ demonstrated a much lower yield of CTCs in this tumor type compared with breast or prostate cancer \[[@pone.0155126.ref011]--[@pone.0155126.ref013]\]. It is expected that "only" 30--40% of patients with mCRC harbor 3 or more CTCs per 7.5 ml of blood \[[@pone.0155126.ref015]\]. Therefore, the use of other (or supplementary) assays might improve our understanding of the mechanisms of cancer biology and itemize the use of CTCs as cancer biomarkers in mCRC. For example, significant discordance between CellSearch^®^ and the AdnaTest^®^ in the detection of CTCs from mCRC patients has already been observed \[[@pone.0155126.ref016]\]. The CellSearch^®^ system uses immunostaining and defines CTCs as cells expressing both EpCAM and pankeratins and not expressing CD45, as well as having a nucleus stained with DAPI (4′,6-diamidino-2-phenylindole). In contrast, the AdnaTest^®^ uses an RT-PCR platform targeting three different transcripts (*EpCAM*, *EGFR*, *CEA*) to identify the tumor cells within the EpCAM-enriched cell fraction.

A combined analysis of both assays could therefore improve the sensitivity of CTC detection by applying two methodological approaches (immunocytochemistry and RT-PCR) and increasing the range of CTC markers. This is an important advantage in view of the well-known phenotypic heterogeneity of CTCs \[[@pone.0155126.ref010]\]. The purpose of this study was to analyze the clinical relevance of CTCs by comparing and combining two different assays for CTC detection in a small cohort of mCRC patients (n = 47). For this aim, the AdnaTest^®^ and the CellSearch^®^ system were employed in parallel. Our data shows that a combined analysis of both assays leads to increased detection rates of CTCs with additional prognostic information. These findings could help to establish new diagnostic tools to use of CTCs as on-treatment biomarkers for clinical routine in future studies.

Material and Methods {#sec002}
====================

Patient series {#sec003}
--------------

Consecutive patients scheduled for palliative chemotherapy for CRC from the out-patient clinic from the Department of Oncology and Hematology at the University Medical Center Hamburg-Eppendorf were recruited. Patient characteristics are summarized in [Table 1](#pone.0155126.t001){ref-type="table"}. The majority of patients were already extensively pretreated, receiving the 3^rd^ (median) line treatment (range: 1--8). Overall, more than 80% of patients received fluoropyrimidines, oxaliplatin, irinotecan, and bevacizumab and about 40% of patients EGFR antibodies. The demographics and patterns of metastasis were as expected, although the overall population was slightly younger than the median metastatic CRC population, likely related to the university hospital background. The study was carried out in accordance with the World Medical Association Declaration of Helsinki and the guidelines for experimentation with humans by the Chambers of Physicians of the State of Hamburg ("Hamburger Ärztekammer"). The experimental protocol was approved (Approval No. PVN-3779) by the Ethics Committee of the Chambers of Physicians of the State of Hamburg ("Hamburger Ärztekammer"). All participants gave written informed consent before the study began. In total, blood samples (5 ml and 7.5 ml) from 47 patients were collected into AdnaCollect^®^ blood collection tubes (AdnaGen^®^) or CellSave^®^ preservation tubes (Janssen Diagnostics), and processed within 24 h (AdnaTest^®^) or 96 h (CellSearch^®^) according to the guidelines of the vendors.
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###### Patient characteristics.

![](pone.0155126.t001){#pone.0155126.t001g}

  --------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------
  **Patient characteristics at first diagnosis (n = 47)**   
  Age (years)                                               Median 56 (range 37--79)
  Gender                                                    male (n = 29) / female (n = 15) / n.d. (n = 3)
  T stage                                                   I (n = 0) / II (n = 2) / III (n = 20) / IV (n = 9) / n.d. (n = 16)
  N stage                                                   0 (n = 8) / I (n = 13) / II (n = 11) / n.d. (n = 16)
  M stage                                                   0 (n = 11) / 1 (n = 28) / n.d. (n = 8)
  *KRAS* staus                                              Wild type (n = 25) / Mutated (n = 21)
  **Patient characteristics at blood withdrawal**           
  Liver metastases                                          Positive (n = 39) / Negative (n = 7)
  Lung metastases                                           Positive (n = 26) / Negative (n = 20)
  Lymph node metastases                                     Positive (n = 10) / Negative (n = 36)
  Bone metastases                                           Positive (n = 4) / Negative (n = 42)
  Therapy line                                              1^st^ (n = 4) / 2^nd^ (n = 9) / 3^rd^ (n = 9) / 4^th^ (n = 6) / 5^th^ (n = 9) / 6^th^ (n = 4) / 7^th^ (n = 2) / 8^th^ (n = 1)
  --------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------

Patient characteristics at time point of diagnosis and blood withdrawal.

AdnaTest^®^ {#sec004}
-----------

For the enrichment and analysis of circulating tumor cells (CTC) the AdnaTest ColonCancerSelect and the AdnaTest ColonCancerDetect, (AdnaGen GmbH, Langenhagen) were used to prepare mRNA, followed by a RT-PCR for a later multiplex PCR according to the manufacturer's instructions \[[@pone.0155126.ref016]\]. All required information regarding sample processing can be found on the webpage <http://www.adnagen.com>. Briefly, 5 ml of blood was taken for an enrichment of CTC by using antibody-coated magnetic particles consisting of a mixture of antibodies against different EpCAM epitopes The enriched cells were subsequently lysed and mRNA was purified by means of oligo-dT beads contained in the kit followed by reverse transcription (Sensiscript, Qiagen, Hilden). The resulting cDNA was processed in a multiplex PCR for tumor-associated transcripts (*epidermal growth factor receptor* (*EGFR*), *carcinoembryonic antigen* (*CEA*) and *EpCAM*) as well as *Actin* as housekeeping control. PCR was performed using the HotStarTaq Master Mix (QIAGEN GmbH, Hilden, Germany). Visualization of the PCR fragments was carried out with a 2100 Bioanalyzer using the DNA1000 assay (Agilent Technologies, Waldbronn, Germany). CTCs were positively identified if at least one of the multiplex PCR markers was detected.

CellSearch^®^ {#sec005}
-------------

For isolation of CTCs using CellSearch^®^, CTC detection was performed as described elsewhere \[[@pone.0155126.ref017]\]. The criteria for an event to be defined as CTC were: a round to oval morphology, a visible nucleus (DAPI-positive), and a positive staining pattern for an epithelial specific cell (Keratin-positive and CD45-negative). For EGFR determination on CTCs, the CellSearch^®^ Tumor Phenotyping Reagent EGFR was applied in the fourth channel of the system \[[@pone.0155126.ref018]\].

Statistical analysis {#sec006}
--------------------

In order to compare the results of the CellSearch^®^ system and the AdnaTest^®^ experiments, CTC counts from CellSearch^®^ data were transformed to positive (≥3 CTCs) or negative (\<3 CTCs) since ≥3 CTCs / 7.5 ml of blood have been associated to poor clinical outcome \[[@pone.0155126.ref013]\]. CTC status (positive / negative) and correlation with metastasis location was tested with 2x2 Fisher's exact test \[[@pone.0155126.ref019]\] and corrected for multiple testing. McNemar's test with Yate's correction for continuity was performed to find the agreement between the two methods. Progression-free and overall survival (PFS and OS) estimates for both methods were calculated by Kaplan-Meyer curves and compared by log-rank test \[[@pone.0155126.ref020]\].

Results {#sec007}
=======

Clinical sample analysis using the AdnaTest^®^ and CellSearch^®^ {#sec008}
----------------------------------------------------------------

Using the AdnaTest^®^, 13 out of 43 (30%) analyzed patients were positive for CTCs. CTCs were positively identified if at least one of the multiplex PCR markers was detected. CTCs from 8 patients exhibited positive signals for *EpCAM*. Four out of those patients additionally showed signals for *CEA*, whereas one patient was positive for *EpCAM*, *CEA*, and *EGFR*. Five patients showed exclusively signals for *CEA* without expression signals for any other marker ([Fig 1A](#pone.0155126.g001){ref-type="fig"}). For CellSearch^®^ analyses, only patients with ≥3 CTCs were classified as "CTC-positive" because this cut-off was correlated to an unfavorable outcome in mCRC \[[@pone.0155126.ref013], [@pone.0155126.ref021]\]. Fourteen out of 42 (33%) analyzed samples were positive for CTCs (range: 3--44 cells). EGFR-positive cells (moderate to strong expression) were found in six out of those 14 patients (range from 1--4 EGFR-positive cells within the CTC-positive cohort) ([Fig 1B](#pone.0155126.g001){ref-type="fig"}). In this study, 38 clinical blood samples could be analyzed in parallel. Combining the AdnaTest^®^ and CellSearch^®^ 19 out of 38 (50%) analyzed samples became positive for CTCs ([Fig 1C](#pone.0155126.g001){ref-type="fig"}). Within this group, *EGFR*/EGFR signals did not correlate since only one patient was *EGFR*-positive with the AdnaTest^®^, but had EGFR-negative CTCs with CellSearch^®^ (patient 42). A detailed summary of the CTC analyses is listed in [Table 2](#pone.0155126.t002){ref-type="table"}. Fifteen samples were CTC-negative in both CTC assays and 5 patients were CTC-positive in both assays. Seven samples were positive in CellSearch^®^ and negative for the AdnaTest^®^, whereas seven cases were exclusively positive for AdnaTest^®^. The results of both assays did not correlate significantly (Cohen\'s kappa = 0.1066, p = 0.51) ([Fig 1D](#pone.0155126.g001){ref-type="fig"}).

![(A) Summarized marker analyses of CTCs detected with the AdnaTest^®^. CTCs were positively identified if at least one of the multiplex PCR markers (*EpCAM*, *CEA*, or *EGFR*) was detected. (B) CTC enumeration by CellSearch^®^ including EGFR determination. (C) CTC positivity rate of the AdnaTest^®^, CellSearch^®^, or both assay in combination. (D) Comparison between the AdnaTest^®^ and the CellSearch^®^ system.](pone.0155126.g001){#pone.0155126.g001}
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###### Detailed patient characteristics and CTC results.

![](pone.0155126.t002){#pone.0155126.t002g}

       Status at first diagnoses   Current status at blood withdrawal                                                            
  ---- --------------------------- ------------------------------------ ---- ---- ---- ---- ---- ---------------- ---- ---- ---- ----
  1    3                           2                                    1    1    1    0    0    0                4    0    5    PD
  2    4                           2                                    0    1    1    0    0    EpCAM/CEA        1    0    5    SD
  3    2                           2                                    1    1    0    0    0    EpCAM/CEA        0    0    1    SD
  4    \-                          \-                                   \-   0    0    0    0    EpCAM            1    0    4    SD
  5    3                           1                                    1    1    1    1    0    0                0    0    4    SD
  6    4                           0                                    0    1    1    0    0    0                \-   \-   2    SD
  7    \-                          \-                                   \-   1    0    1    0    0                \-   \-   2    SD
  8    \-                          \-                                   1    1    0    0    0    0                6    0    5    PD
  9    3                           0                                    1    1    1    0    0    0                1    0    4    SD
  10   \-                          \-                                   1    1    0    0    0    CEA              0    0    3    PD
  11   3                           0                                    1    1    0    0    0    0                0    0    2    PD
  12   3                           0                                    0    1    0    0    0    EpCAM/CEA        8    2    7    PD
  13   \-                          \-                                   \-   1    1    0    0    0                0    0    4    PD
  14   \-                          \-                                   1    1    1    0    0    0                1    0    2    SD
  15   \-                          \-                                   1    1    1    0    0    CEA              4    0    3    SD
  16   \-                          \-                                   \-   \-   \-   \-   \-   0                0    0    \-   \-
  17   4                           1                                    1    1    0    1    0    0                0    0    4    SD
  18   3                           0                                    0    1    1    0    0    0                10   3    5    PD
  19   3                           1                                    0    1    1    0    0    CEA              \-   \-   5    SD
  20   3                           1                                    1    1    1    1    0    0                0    0    5    SD
  21   3                           1                                    0    1    1    0    0    EpCAM            5    3    8    SD
  22   3                           1                                    0    1    0    0    0    \-               0    0    2    \-
  23   3                           1                                    1    0    1    0    0    0                0    0    3    SD
  24   3                           2                                    1    0    0    1    0    0                0    0    2    \-
  25   2                           2                                    \-   1    1    0    0    0                0    0    5    PD
  26   3                           0                                    \-   1    0    1    0    \-               1    0    3    PD
  27   \-                          \-                                   1    1    1    0    0    0                \-   \-   2    PD
  28   4                           1                                    1    1    0    1    0    0                0    0    1    PD
  29   \-                          \-                                   1    1    1    0    1    0                \-   \-   3    PD
  30   3                           2                                    1    1    0    0    0    0                12   0    3    PD
  31   \-                          \-                                   1    1    0    0    0    \-               3    1    \-   PD
  32   \-                          1                                    1    1    0    1    0    0                7    0    1    SD
  33   3                           1                                    0    0    1    0    0    CEA              1    0    4    SD
  34   3                           0                                    1    0    1    0    1    0                0    0    6    SD
  35   4                           1                                    1    1    1    0    0    0                3    2    3    SD
  36   4                           1                                    0    1    1    0    0    EpCAM            0    0    2    SD
  37   4                           2                                    1    1    1    0    0    0                0    0    5    PD
  38   \-                          \-                                   \-   1    0    0    0    0                0    0    3    PD
  39   3                           2                                    0    1    1    0    0    CEA              2    0    7    RM
  40   4                           2                                    1    1    0    0    0    0                2    0    5    PD
  41   \-                          \-                                   1    1    1    0    0    EpCAM            3    2    6    PD
  42   3                           2                                    1    1    1    0    0    EpCAM/CEA/EGFR   44   0    1    PD
  43   3                           2                                    1    1    0    0    1    0                0    0    3    SD
  44   \-                          \-                                   1    0    0    0    0    0                0    0    2    SD
  45   \-                          \-                                   \-   0    1    1    1    0                4    0    6    \-
  46   4                           0                                    0    1    1    0    0    \-               3    0    \-   SD
  47   3                           1                                    1    1    0    1    0    \-               0    0    6    \-

Table 2 discloses detailed patient characteristics of 47 metastatic colorectal cancer patients and their corresponding CTC results (AdnaTest^®^ or CellSearch^®^). Remission status after blood withdrawal is indicated as stable disease (SD), progressive disease (PD), or remission (RM). Missing data points are indicated as (-).

Correlation of CTC findings to metastatic site and therapy {#sec009}
----------------------------------------------------------

Using the AdnaTest^®^, no correlation was found regarding CTC-positivity and the location of metastases (p\>0.05). Similar findings were observed when using CellSearch^®^ (p\>0.05). Combining both assays also did not result in a significant correlation between metastasis location and CTC status (p\>0.05). CTC status was not correlated with having one or multiple metastases (p\>0.05) in any of the CTC detection methods. Interestingly, CTC positivity rate was associated with a higher line of therapy, median 2^nd^ line in case of CTC negativity compared to median 4^th^ line in case of CTC positivity.

Correlation of CTC findings to clinical outcome {#sec010}
-----------------------------------------------

Kaplan-Meyer curves and log-rank statistic for CTC-negative and CTC-positive cases revealed no significant correlation regarding progression-free survival (PFS) when using the AdnaTest^®^ (p = 0.43) ([Fig 2A](#pone.0155126.g002){ref-type="fig"}). For CellSearch^®^ a significant association between PFS and CTC status was observed (p = 0.0467) ([Fig 2B](#pone.0155126.g002){ref-type="fig"}). A combination of both assays again did not show a significant correlation to PFS but revealed a trend (p = 0.084) ([Fig 2C](#pone.0155126.g002){ref-type="fig"}).

![Kaplan-Meier curves for progression-free survival according to the CTC status using the AdnaTest^®^ (A), CellSearch^®^ (B), or both assay in combination (C).](pone.0155126.g002){#pone.0155126.g002}

We also tested whether the presence of CTCs by the AdnaTest^®^, CellSearch^®^ or the combined results were associated with reduced overall survival (OS) in our mCRC patient cohort. Using Kaplan-Meier analysis a significant correlation could be only seen when both assays were combined (p = 0.013), while the individual assays alone provided no significant prognostic information (AdnaTest^®^: p = 0.31, CellSearch^®^: p = 0.080) ([Fig 3A--3C](#pone.0155126.g003){ref-type="fig"}).

![Kaplan-Meier curves for overall survival according to the CTC status using the AdnaTest^®^ (A), CellSearch^®^ (B), or both assay in combination (C).](pone.0155126.g003){#pone.0155126.g003}

Discussion {#sec011}
==========

Colorectal cancer is one of the major causes of cancer-related death and reliable blood-based biomarkers are urgently needed to improve upfront treatment selection and modifications during treatment. To date, the most widely used blood-based marker in CRC is CEA to get prognostic information at baseline and predictive information during treatment \[[@pone.0155126.ref022]--[@pone.0155126.ref024]\]. Despite the wide spread use of CEA as a blood biomarker it is neither disease specific, influenced by other factors, and not as reliable as other more recent blood based biomarkers (e.g. CTCs) \[[@pone.0155126.ref025]\].

OS is the most reliable endpoint in clinical studies and the detection of CTCs has already been shown to have a prognostic impact in many tumor entities, including mCRC \[[@pone.0155126.ref011], [@pone.0155126.ref012], [@pone.0155126.ref021], [@pone.0155126.ref026]--[@pone.0155126.ref028]\]. In our cohort, we could observe higher CTC detection rates and better prognostic information concerning OS when combing two different CTC detection systems---the FDA-cleared CellSearch^®^ technology and the AdnaTest^®^. The prognosis of PFS significantly correlated with CTC detection when using CellSearch^®^ alone (p-value 0.046 vs. 0.43 when using the AdnaTest^®^ and 0.084 for combined analyses of both assays). However, PFS by definition refers to the date on which progression is detected and furthermore depends on radiological evaluation by a clinician, making PFS a more unreliable endpoint.

Significant discordances between CellSearch^®^ and the AdnaTest^®^ in the detection of CTCs were already published \[[@pone.0155126.ref016], [@pone.0155126.ref029], [@pone.0155126.ref030]\]. However, none of these studies correlated the incidence of CTCs to clinical outcome. In the present study, a combination of the CellSearch^®^ system and the AdnaTest^®^ increased the detection rate from 30% to 50% (30% when using the AdnaTest^®^; 33% when using CellSearch^®^ (≥3 CTCs); 50% if both assays were combined). CTC positivity rate seems to be associated with advanced line of treatment ([Table 2](#pone.0155126.t002){ref-type="table"}), which argues in favor of the assumption that higher CTC counts enable patients to acquire resistance to systemic therapies. In view of the marked heterogeneity of CTCs in CRC \[[@pone.0155126.ref031]\], the presence of more CTCs should increase the chance to harbor resistant clones.

Although we could clearly demonstrate that both methods in combination improve the positivity rate for CTCs, 50% of the patients were still negative despite the presence of overt metastases. Besides technical limitations of the assays (see next paragraph) there might be an interesting biology behind the observation that CTC levels in CRC are lower than in breast cancer. One might argue that tumor cell dissemination in CRC is less pronounced, which would also explain why CRC patients with liver metastases can be cured by surgery in approximately 20%, while such cure is rarely achieved by the same treatment in breast cancer.

Both assays used in our studies rely on the expression of epithelial cell surface markers and are, therefore, likely to miss CTC populations which have undergone a complete epithelial-to-mesenchymal transition (EMT) \[[@pone.0155126.ref032]--[@pone.0155126.ref034]\]. However, recent work has been shown that cancer cells with an intermediate phenotype are probably the most aggressive ones able to disseminate and outgrow at distant sites because of their high plasticity \[[@pone.0155126.ref035], [@pone.0155126.ref036]\]. The CellSearch^®^ system and the AdnaTest^®^ are both able to detect EMT-associated CTCs \[[@pone.0155126.ref037], [@pone.0155126.ref038]\]. Thus, the CTC assays used in the present investigation target epithelial and intermediate CTCs, while pure mesenchymal CTCs (lacking any expression of epithelial markers) are probably lost. The detection of pure mesenchymal CTCs is anyway very difficult because even if label-free (i.e., EpCAM-independent) capture systems are used (e.g., filters) epithelial markers such as keratins are usually applied for the detection of CTCs because of the lack of mesenchymal markers that are not expressed on the surrounding blood cells. In this context, plastin-3, an actin-bundling protein not downregulated during EMT on CRC and breast cancer cells---and not expressed on leukocytes---might be a major advance \[[@pone.0155126.ref033], [@pone.0155126.ref034]\].

Cell-free nucleic acids (e.g., cell-free tumor DNA or miRNAs) are also currently discussed to be suitable as novel blood-based biomarkers \[[@pone.0155126.ref039]\]. Changes in their concentration as well as DNA alterations were already shown to be used for diagnostic, treatment monitoring, predictive, or prognostic purposes \[[@pone.0155126.ref040]--[@pone.0155126.ref043]\]. However, the majority of ctDNA is derived from apoptotic tumor cells, while CTC analysis has the advantage to study viable tumor cells, which may also improve our current understanding of tumor cell dissemination in cancer patients. Furthermore, so far no standardized assay / protocol for the detection of cell-free nucleic acids or miRNAs could be established in mCRC disease and different approaches for the discovery of those biomarkers are used in the laboratories all over the world. Just recently, a standardized workflow strategy was suggested for the normalization of miRNA expression data as a novel starting point for standardized procedures to allow data comparison across different laboratories \[[@pone.0155126.ref044]\]. The development of standardized assys that can be used for companion diagnostics is the focus of the newly established EU-IMI consortium called CANCER-ID ([www.Cancer-id.eu](http://www.Cancer-id.eu)).

Lots of debate is ongoing whether CTCs can be used as liquid biopsies guiding individualized treatment decisions \[[@pone.0155126.ref010]\]. Using the AdnaTest^®^ and CellSearch^®^ we were able to detect relevant therapeutic targets such as *EGFR*/EGFR. Signals for *EGFR*/EGFR on CTCs did not correlate in our study between the AdnaTest^®^ and CellSearch^®^ ([Table 2](#pone.0155126.t002){ref-type="table"}), which is probably due to the different CTC populations captured with our assays. This shows again the complementarity of both assays.

Summing up, we could show that a combination of different CTC assays increases the appearance of CTCs in an unselected group of mCRC patients. A significant correlation to OS could be only seen when both assays were combined (p = 0.013). These findings could help to establish CTCs as on-treatment biomarkers for clinical routine in future studies.
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